We establish the role of tether conductivity on the photoisomerization of azobenzene-functionalized molecules assembled as isolated single molecules in well-defined decanethiolate self-assembled monolayer matrices on Au{111}. We designed the molecules so as to tune the conductivity of the tethers that separate the functional moiety from the underlying Au substrate. By employing surface-enhanced Raman spectroscopy, time-course measurements of surfaces assembled with azobenzene functionalized with different tether conductivities were independently studied under constant UV light illumination. The decay constants from the analyses reveal that photoisomerization on the Au{111} surface is reduced when the conductivity of the tether is increased. Experimental results are compared with density functional theory calculations performed on single molecules attached to Au clusters.
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SECTION:
Physical Processes in Nanomaterials and Nanostructures P recise control over the reversible isomerization of functional molecules when assembled on solid surfaces is of great importance to understand the rules of molecular-and supramolecular-scale action. 1−14 Various kinds of photochromic molecules such as azobenzene, 15 −24 diarylethene, 9,25−27 spiropyran, 28−30 and more recently dihydroazulene 31−34 have been investigated as possible candidates for molecular switches. These families of functional molecules have relative advantages and disadvantages due to factors such as their ease of molecular assembly on substrates, quantum yield of photoisomerization, reversibility of isomerization, and quenching of isomerization by the underlying substrate. Of these families of photochromic molecules, azobenzenes have thus far attracted the greatest attention.
Azobenzene (henceforth Azo) exists in a near-planar trans conformation in its thermodynamically stable state with nearly zero dipole moment. 35, 36 When irradiated with UV light at ∼365 nm, the molecule isomerizes to a nonplanar cis conformation via rotation of a phenyl group out of the plane of the azobenzene moiety, carrying a dipole moment of 3 D. 36 Upon subsequent irradiation with ∼420 nm visible light, the cis conformation reverts back to its original trans conformation, although thermal relaxation from cis to trans has also been shown to be a common pathway for the reverse reaction where relaxation times typically depend on the substituents on the azobenzene moiety ranging from minutes (for alkyl-substituted molecules) to days (for unsubstituted azobenzenes). Because of their difference in planarity, it has been established that trans form is approximately 100 times more conductive than cis, 16 and hence azobenzenes are considered to be a type of molecular switches. 22 Various theoretical and experimental studies have been performed to understand the mechanisms of photoisomerization of azobenezenes in the gas phase, in various solvents, and on solid substrates when isolated as single molecules or in ensembles. For instance, it has been wellestablished that photoisomerization of molecules such as azobenzene is quenched when the molecules are adsorbed directly on conductive substrates such as Au{111}. 20 However, by attaching a relatively nonconductive tether to the azobenzene functional moiety, the molecules can be spatially separated from the substrate, and a dramatic increase in the photoisomerization yield has been observed both at ensemble 37 and single-molecule scales. 22,38−40 Recently, surface-enhanced Raman spectroscopy (SERS) has been shown to be an excellent tool for following photoisomerization of functional molecules on the ensemble scale. 14, 37, 41 Although, the effects of the surrounding environment, 42, 43 the coupling of the functional moiety to the substrate using a tether, 12, 18, [20] [21] [22] 44, 45 the conductivity of the substrate, 21, 39, 46 the length and free volume of the tether, 47, 48 the structure of the substrate, 37,48−50 and ways to circumvent steric interactions between the azobenzene moieties 22, 23, 51, 52 have been reported previously, the effects of the conductivity of the tethers on photoisomerization have not been reported. To employ such molecular switches in a range of conditions and chemical environments, it is imperative to understand the roles of all the key aspects constituting the photoswitches and their supporting structures. To that end, we investigate the role of the conductivity of the tether on the photoisomerization of azobenzene molecules when assembled on Au{111}.
We designed tethers to functionalize azobenzene molecules so that they could be covalently bound to Au substrates and such that the functional moiety is spatially separated from the conductive substrate to avoid direct surface quenching. We assembled these functional molecules as isolated single molecules by a coadsorption technique that we have previously reported. 22 This technique enables us to separate azobenzenefunctionalized molecules from each other such that steric hindrance between neighboring molecules is precluded. We employed azobenzene functionalized with two kinds of tethers in this study: a less conductive, saturated linear alkyl chain tether (henceforth Azo1) and a more conductive, phenylene ethynylene tether (henceforth Azo2) ( Figure 1 ). We used SERS to perform the time-course measurements of photoisomerization of these azobenzene-functionalized molecules on Au{111} in sufficient numbers to have significant statistics. 37, 43, 53, 54 The phenylene ethynylene tether in Azo2 is expected to be substantially more conductive than the alkyl tether in Azo1. If the conductance of a molecule is given by G = Ae −(βn) (where A is constant and n is the length of the molecule), then the term β is a measure of molecular conductivity versus length. A number of studies have found that for saturated chains on Au β ≈ 1.0 ± 0.1 Å −1 , 55−63 whereas for phenylene ethynylene molecules, with mixed sp and sp 2 hybridization, it is approximately a factor of 2 lower and β ≈ 0.57 ± 0.02 Å −1 . 64, 65 Note that phenylene vinylene and other all sp 2 -hybridized systems have β values another factor of two lower 66 and thus are more conductive (and would be expected to quench even faster than the tether in Azo2).
We have recently reported an efficient way to follow the photoisomerization using SERS. 37 Using this method, Au substrates with regular nanohole arrays were shown to enhance the signals of azobenzene Raman vibrational modes. Here we employed the same technique to follow the time-course measurements of both Azo1 and Azo2 molecules. Focused ion beam (FIB) lithography (Nova 600 NanoLab, FEI Company, Hillsboro, OR) was used to fabricate cylindrical nanoholes (with a diameter of 175 nm) in square arrays (with a period of 300 nm) into Au thin films.
The samples were prepared in the dark by immersing the flame-annealed Au{111} nanohole array substrates in a 1:4 mixture of ethanolic solutions of Azo1 or Azo2 and decanethiol (C10) (such that the final concentration of the solutions was 1 mM) for 24 h under a nitrogen atmosphere. The samples were then vapor-annealed over C10 solutions at 80°C for 2 h to backfill the C10 matrix molecules. 67 This process, in which the substrate is heated and held over a neat liquid of C10 molecules to be ordered, resulted in tight packing of the monolayer, thus hindering the surface mobility of the switch molecules. 43, 56, 68, 69 The samples were then stored in the dark until further analysis.
A Renishaw inVia Raman system (Renishaw, IL) operating under ambient conditions was employed for Raman analysis. We chose a 632.8 nm He−Ne laser as the Raman excitation source considering the resonant wavelength of the Au substrates. Laser power and beam diameter were ∼17 mW and ∼1 μm, respectively. Each measurement was a convolution of 50 sweeps in the wavelength range of interest with a set integration time of 150 s. Wire 3.2 (Renishaw) and OriginPro software were used to analyze peak areas and to curve fit and to calculate decay constants, respectively.
To compare the experimental results with theory, we performed simulations to predict the Raman spectra of the trans and cis isomers of Azo2 molecules attached to a Au 3 cluster. All calculation used the NWCHEM software package. 70 The B3LYP hybrid functional with the 6-31G* basis set for N, C, S, and H atoms and the LANL2DZ effective core potential for Au atoms were employed for all calculations of the geometric structure and vibrational frequencies. Vibrational frequencies were scaled by 0.9614; no imaginary frequencies were found. The Raman differential cross sections were calculated with a three-point numerical differentiation of the analytical polarizabilities with LC-ωPBE functional (ω = 0.3 Bohr , α = 0.0, and β = 1.0) and the same basis set. The Raman differential cross sections were broadened with a Lorentzian having a full width at half-maximum of 20 cm −1 and an incident light of 514.5 nm. Raman signals for different mole fractions of the molecules were also calculated to gain a better understanding of the switching efficiencies of molecules on the substrate. The analogous calculations for Azo1 (without the Au cluster) have been previously reported 37 and are used here in elucidating the role of the tether. Figure 2 shows the overlay of simulated Raman spectra of Azo2 molecules attached to Au 3 clusters as a convolution of various mole fractions of trans and cis isomers. The spectra have been offset for clarity. Multiple peaks in the range of 1000 to 1700 cm −1 were observed with major peaks at 1055, 1116, 1435, 1458, 1495, and 1573 cm −1 (see Figure S1 of the Supporting Information for schematics of all of these modes in trans and cis conformations). After considering all of the peaks in the simulated spectra, the peaks labeled P1 (1055 cm was observed to increase with trans−cis isomerization. This peak arises due to the vibration mode of the NN double bond ( Figure S1 of the Supporting Information) and is not prominent when the molecules are in the trans conformation; only when the molecule isomerizes does this vibrational mode become Raman active. Although we identified this peak in our experiments, the peak area was usually at or below the detection limit, and thus it was not used for quantitative measurements. Whereas all other peaks decrease in area, the areas of peaks at 1055 (P1) and 1573 cm −1 show very little change.
The Raman intensity usually scales with the polarizability of a system (because the Raman intensity derives from the polarizability derivatives (∂α/∂Q) 2 ). Because the trans isomer (highly conjugated) is more polarizable, it is expected to have a stronger Raman signal than the less polarizable cis isomer (less conjugated), as observed in Figures 2 and 4 . To explain the behavior of the P1 mode, we observe that the mode is mainly isolated to the tether ring, whereas P2 is mainly a ring breathing mode of the azobenzene unit (Figure 3) . The trans-to-cis isomerization reduces the conjugation and thus the polarizability of the azobenzene unit but not that of the tether, at least not directly. Therefore, it is not surprising to find that the P1 mode (that is isolated to the tether) is minimally affected by isomerization, whereas P2 (an azobenzene mode) is significantly affected. Figure 3 shows the schematic of the vibrational modes of Azo2 that contributes to the intensity of these peaks in the spectra.
We identified and used peaks P1 and P2 for quantification due to their strong signals and relative sensitivity to isomerization. We followed the change in these peak areas as a function of UV illumination time. As can be seen in Figure 4 , the peak area of P1 remains relatively unchanged, whereas the peak area of P2 decreases with the duration of UV illumination. The simulated spectra and the experimental results are in close agreement. We chose P1 as an internal standard (due to the minimal effect on its peak area upon photoisomerization), and by comparing the rate of change of the peak area of P2 with respect to P1, a direct measurement of the photoisomerization kinetics of Azo2 was achieved. We measure the ratio of peak areas of P1 to P2 and plot the change in the ratio as a function of UV illumination.
We measured the peak areas of P1 and P2 from the baselinesubtracted spectra for each data point from 0 to 90 min UV light exposure (∼365 nm and power of ∼1 mW/cm 2 ). We then plotted the ratios of peak areas of P1 to P2 versus the duration of UV light exposure. An exponential decay curve was derived by using the formula Y = Y 0 + A*e (R 0 x) , where R 0 is the decay constant of the best fit curve, with units of time −1 . The inverse of the calculated decay constant gave us the time constant τ. We calculated the time constants for both molecules using exactly the same procedure. Figure 5a shows the change in the ratio of peaks P1 to P2 as a function of UV light illumination for the molecule Azo2. The plot was generated by taking the average of three data sets (peak area ratios of P1:P2) measured under identical conditions. Figure 5b shows the plot generated from simulated spectra. We have reported the decay plot for Azo1 previously, 37 wherein we used the peak area ratios of vibrational modes, which were in agreement with the simulated spectra for Azo1. The time constant derived from the exponential decay curve of Azo2 in Figure 5a was found to be τ = 61 ± 11 min. The time constant from our study with Azo1 was found to be τ = 38 ± 13 min (unpublished results). The reverse isomerization of Azo2 from cis to trans was also investigated by irradiating the sample with blue light (∼450 nm and power of 6 mW/cm 2 ), whereas Azo1 showed ∼90% reversibility in isomerization within 100 min of visible light illumination, 37 Azo2 did not exhibit complete reversibility, at least after 24 h of visible light illumination. Figure 6 shows a series of SERS spectra of the surface assembled with Azo2 under constant visible-light irradiation. (Spectra have been offset for clarity.) Complete reversal in the peak area ratios was not observed after several hours of the time-course study. The samples were then left under visible-light illumination overnight, and spectra were collected after 24 h. It can be seen that the peak areas of P1 and P2 increase dramatically, and the ratio of the peak areas approached the initial ratio before UV illumination. The time constant derived from the experimental curve was found to be 286 ± 37 min ( Figure 6 ) as opposed to the faster cis-to-trans photoisomerization of Azo1, which had a time constant of 75 ± 27 min (unpublished results). 37 Because of the increased conductivity in Azo2, the lifetime of the photoexcited state is lower than that in the case of nonconductive tether, resulting in decreased numbers of molecules that undergo photoisomerization over a period of time, resulting in significant difference in the time constants. The experimental studies for both of the molecules were performed under identical conditions, that is, sample preparation, concentration of switch molecules, the nanohole array periodicity of the substrate, power of UV and visible-light sources, and power and beam diameter of the Raman laser source. The only difference was the identity of the tether between the azobenzene functional group and the Au{111} substrate. Because of the ∼30°tilt with respect to the surface normal, Azo1 molecules align themselves in registry with the C10 molecular tilt, whereas, it has previously been shown that molecules with tethers similar to Azo2 assemble nominally perpendicular to the underlying Au{111} substrate; 71 we observed similar structures when Azo2 was assembled on Au{111} ( Figure S2 of the Supporting Information). Therefore, even though the lengths of the tethers in Azo1 and Azo2 are different, after the assembly on Au{111}, the distances separating the azobenzene moieties in both the molecules from the underlying substrates are nearly the same. Because all of the parameters are left constant other than the identity of the tether, the difference in the time constants can be directly correlated to the change in the conductivity of the tethers. We calculated the photoisomerization cross section of surfacebound Azo1 and Azo2 molecules by using the formula σ = hc/ (λτI 0 ), where h is Planck's constant, c is the speed of light, λ is the wavelength of irradiation (365 nm), τ is the time constant, and I 0 is the power of the UV light source (570 μW/cm 52 Moreover, the cis-trans isomerization cross section of nonconductive-tethered molecules is an order of magnitude larger than that of conductive-tethered molecules indicating the direct effect of tether conductivity on the photoisomerization of surface-bound molecules. Because it is critical to be able to tune the functionality of surface-bound molecular switches to build efficient functional devices, this letter describes the means to gain that ability by tuning the metal−molecule junction properties and to tailor the efficiency of photoisomerization.
To summarize, we have designed a new conductive tether and demonstrated its effect on the efficiency of photoisomerization of azobenzenes when assembled in precisely controlled nanoscale environments. We have employed SERS to monitor the photoisomerization kinetics of isolated single molecules in well-defined nanoscale environments. By directly comparing the time constants of nonconductive and conductive tethers, we have demonstrated that even when the azobenzene functional moiety is well-separated from the substrate, the efficiency of photoisomerization decreases with increasing conductivity of the tether. This study helps elucidate how to tune the photoswitching efficiency of photochromic molecules for assembly and incorporation into nanoscale assemblies for actuation on the nanoscale. 
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